To investigate the microphysics mechanism and the factors that influence arc development along a polluted surface, the arc was considered as a plasma fluid. Based on the image method and the collision ionization theory, the electric field of the arc needed to maintain movement with different degrees of pollution was calculated. According to the force of the charged particle in an arc plasma stressed under an electric field, a calculation model of arc velocity, which is dependent on the electric field of the arc head that incorporated the effects of airflow around the electrode and air resistance is presented. An experiment was carried out to measure the arc velocity, which was then compared with the calculated value. The results of the experiment indicated that the lighter the pollution is, the larger the electric field of the arc head and arc velocity is; when the pollution is heavy, the effect of thermal buoyancy that hinders arc movement increases, which greatly reduces the arc velocity.
Introduction
The discharge along the polluted surface of insulators is a major problem in power transmission systems, and it remains a hot issue in the field of high voltage insulation [1] . The formation and
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propagation of partial arcs along a polluted insulator surface has been the subject of many experimental and theoretical studies. In addition, many models have been presented to describe the discharge mechanisms [2] [3] [4] [5] . Although many different models [6, 7] covering each phase of the discharge process have been presented, these studies are mainly qualitative or experiential, and no related report on the microphysics mechanism has been detailed up to now. The force factors on the developing arc and the velocity characteristic of arc with the polluted degree along the polluted surface can provide theoretical support for a comprehensive understanding of the mechanism of polluted flashover.
An arc is a high-density charged particle flux and arc motion results from the collective motion of charged particles in an electric field. Therefore, arc motion can be described using fluid mechanics [8] . When the applied voltage meets the requirement of the flashover conditions, the arc is drawn by the electric field force towards the opposite electrode and a flashover is formed [9] . With the arc velocity changing constantly during arc development, different researchers have come up with different measurement results. Although various methods have been used to investigate the instantaneous arc velocity along the surface of polluted insulators [10, 11] , these are purely theoretical or purely empirical, and they are only valid under certain conditions. Theoretical research on surface discharge, which is mainly based on gas ionization discharge [12] , did not consider the influence of insulator surface on the discharge. Although the body force was measured in the experiment [13] , and the arc velocity was investigated using an electrolyte instead of a wet polluted layer [14] , the conditions are still very different from those of the wet polluted layer of an actual insulator, therefore, reflecting the actual condition effectively is difficult.
In this paper, the electric field needed to keep arc moving ahead with different pollution degrees is given based on the image method and the collision ionization theory. Based on the force of the charged particles in the arc plasma stressed under the electric field, a calculation model of arc velocity, which is dependent on the electric field of the arc head, is presented; the effects of airflow around the electrode and air resistance were considered. The charge simulation method was employed to calculate the variation between the electric field of the arc head and the arc length with different degrees of pollution. The electric field was incorporated into the calculation model to obtain the arc velocity. An experiment was carried out to measure the arc velocity, and we compared the result with the calculated value. The results provide theoretical support for a comprehensive micromechanism of polluted flashover.
Electric Field for Maintaining Arc Movement
Supposing the arc head is a semisphere with radius r, the equivalent charge at the center of sphere is q, and the image charge in insulation medium is q / . The angle from the arc head to the center of sphere, that from the arc head to the image charge point is θ, and the distance from the arc head to the image charge point is r / . The dielectric constant of air is ε 0 , and the dielectric constant of insulation medium is ε 1 . Here, the insulation medium is toughened glass whose relative dielectric constant is 7.5, so ε 1 = 7.5ε 0 . The image charge can be obtained by the following equation [15] : 
where E s is the total electric field at the arc head considering the effect of the image charge, e λ is the mean free path of electron, k is the Boltzmann constant, T e is the electron temperature [16] , U i is the mean ionization potential of the mixed gases at the arc head, λ is the wavelength of arc light, and c is the velocity of light, h is Planck constant. Based on the gas molecule phoronomy, the mean free path of gas molecule with diameter d at pressure p and temperature T is [17] :
Ignoring the electron radius, the electron velocity is much faster than gas molecule velocity, and the gas molecule can be considered as still. Therefore, the mean free path of the electron is 2 4 times of gas molecule with the same temperature [18] , the mean free path of the electron with temperature T e is as follows: The effective molecule diameter of air is 0.35 nm [19] , and the vapor molecule diameter is about 0.27 nm to 0.32 nm [20] . The mean value of 0.295 nm is the effective molecule diameter of vapor. The arc light is similar to sunlight [21] , and the mean wavelength is λ = 0.475 μm.
NaCl is used to represent the soluble salt, and the equivalent salt deposit density (ESDD) is used to represent the degree of pollution. Suppose the ESDD is s mg/cm 2 and the water adsorption capacity of salt dissolved completely per square centimeter is m mg, the saturation of NaCl at room temperature is 36 g/mL [22] , so:
The adsorption capacity of water when the salt dissolves completely per square centimeter is:
and the number of water molecules is: 
According to the gas ionization potential [23] with the scaled value of each gas ionization potential as the mean ionization potential, then:
Similarly, the mean effective molecule diameter of the mixed gas at the arc head is:
By replacing the Equations (2), (3), (4) and (7) into (5), the electric field at the arc head that is produced by the equivalent charge q is: 
The electric field required to maintain the arc movement along the insulation surface at the horizontal direction is:
The relationships between the horizontal electric field at the arc head and the proportion of mixed gas molecule number to the ESDD are shown in Figure 2 . Curves E 0 and E are the relationship between the electric field at the arc head in the horizontal direction and the ESDD with and without the image charge effect, respectively. Curve n water /n air is the relationship between the ratio of the number of vapor to air molecules at the arc head and the ESDD. Figure 2 shows that the proportion of mixed gas molecules to the vapor molecules increases parabolically with the ESDD, and that the electric field required to maintain arc movement is inversely proportional to ESDD. Considering that the higher the ESDD, the higher the adsorption capacity of water to dissolve the salt completely and the mean ionization potential of mixed gas at the arc head, the electric field required to maintain arc development decreases with increasing ESDD. The higher the ESDD, the easier the arc moves forward. When the electric field at the arc head exceeds this electric field condition, the arc continuously moves forward until the flashover. Relationships of the electric field at arc head in the horizontal direction with/without image charge effect (E/E 0 ) and the proportion of mixed gas molecule number n water /n air with the ESDD.
Arc Force Analysis and Velocity Calculation

Force Analysis of the Arc
Several physical mechanisms of discharge along the polluted surface have been proposed. One of the most widely accepted mechanisms is that external forces simply pull the partial arc across the surface [24] . With the in-depth study of plasma [25, 26] , a better understanding of its basic properties (components, thermodynamics, the transport and the electrical properties), basic physical processes (arc foot motion, the interaction between arc and airflow, electrode processes), and the flow, and heat transmission has been gained. Therefore, the electric field force and thermal buoyancy should be considered during the development of arc plasma, as well as the effects of the interaction between arc and airflow. As the high temperature arc plasma moves fast, the effect of electrode jet and air viscous action varies. Considering the factors that affect arc development synthetically, for a horizontal insulation flat plate, the arc is influenced mainly by the pressure of the airflow vortex [27] and the viscous resistance of the ambient air [28] , aside from the resultant force of the electric field force [24] . These components work together to determine the arc motion characteristics. In the present study, the negative polar arc was taken as an example, with the arc moving tightly along the surface of insulation plate. If the direction of thermal buoyancy is perpendicular to the horizontal plane, the effect of thermal buoyancy can be ignored. The force analysis is shown in Figure 3 . The forces of the arc stress during the prolongation along the polluted surface are expressed as follows:
where F E is the electric force of arc, F P is the airflow pressure force, f is the air resistance.
The Forward Electric Field Force
The electric force F E is in the order ε 0 E 2 /2 times the characteristic area given by [24] :
where ε 0 , E, and r are the permittivity of free space, the head field of arc, and the arc radius, respectively.
The Forward Airflow Pressure Force
During arc movement, an airflow vortex occurs at the back of the arc, as shown in Figure 3 . Supposing the arc constriction radius at point a of the electrode vicinity is r a = a, and the radius at point b of the arc head is r b = b, (a << b). Thus, the axial pressure difference [27] ΔP and the airflow pressure force F P between points a and b are given by:
where I is the arc current, and μ 0 is the permeability of free space 4π × 10 7 H/m.
Backward Air Resistance
The velocity is very slow at the beginning of the arc, and it suffers mainly from the viscous resistance in prolongation. Assume that the arc is a size of a column; the air resistance f equals to the viscous resistance [28] f 1 of air around the arc can be written as:
where η is the coefficient of air viscosity, l is the length, and dv/dx is the variation in arc velocity per unit displacement.
The force that drives the arc to move forward is the sum of the electric field force and airflow pressure. Based on Newton's law, acceleration can be expressed as:
where m 1 is the mass per unit area of the air ahead of the arc. By substituting (18), (20), and (22) into (21), and letting g = l/r, we obtain:
where ρ 0 is the air density of 1.293 kg/m 3 .
If the arc is moving forward to the grounding electrode, the resultant force ΔF on the arc in the horizontal direction can be expressed as:
The motion conditions of partial arc in the horizontal direction are obtained as follows:
(1) When the resultant force is larger than the air resistance ΔF > 0, then g < (ρ 0 /η -1)/2, and the arc moves forward. (2) When the resultant force is equal to or smaller than the air resistance ΔF ≤ 0, then g ≥ (ρ 0 /η -1)/2, the arc is extinguished or remains static.
Arc Velocity Calculation
Velocity Caused by the Electric Field Force
If the arc velocity is v 1 when the length is l under the field force, based on the theorem of kinetic energy, the equation can be expressed as:
where m 2 is the mass of the arc, and m 2 = ρπr 2 l.
By substituting the electric field force F E and the mass differential expression of arc m 2 into Equation (25), we will have: where ρ is the arc density in air, and ρ = ρ 0 /30.
According to (26) , we obtain:
Velocity Caused by Airflow Pressure
Considering the pressure at the arc axes is much less than the total pressure, the pressure gradient at the axes drives the arc to move forward. If the velocity of the arc caused by airflow pressure is v 2 , the electrode jet is stopped and a kinetic preventive pressure ρv 2 2 /2 is produced. The electrode jet velocity can be calculated using the pressure difference given in Equation (18), which is equal to the kinetics preventing pressure, as given by [27] :
By substituting Equation (19) into (28), we obtain:
According to [6] , the current can be expressed by the relation:
We can then obtain:
where k is a constant. Hence, the velocity v 0, which drives the arc to move forward, is the sum of v 1 and v 2 :
Velocity Caused by Air Resistance
The viscosity coefficient η around the arc changes with the air temperature. The variation meeting the Sutherland formula is given by [28] where T 1 is reference temperature, η 1 is the air viscosity coefficient at the reference temperature, and T s is the Sutherland constant, which is about 120 K.
The temperature is less than 5000 K at the beginning of arc formation, and the flashover reaches up to about 13,000 K [11] . In this paper, T = 4000 K, T 1 = 273 K, η 1 = 1.71 × 10 −5 pa·s. We obtain: The arc temperature increases with the arc length based on the measured range of arc temperature [11] if the arc temperature can be expressed by the linear relation:
where L is the length of the plate insulator. When the arc velocity increases, the number of molecules per unit volume of the pre-arc and post-arc parts are different, and it leads to pressure resistance f 2 expressed as:
Therefore, the resistance that the fast arc suffers in air is the sum of f 1 and f 2 . We obtain:
Again, if the decrease in velocity caused by air resistance is Δv, the approximate power equation is represented by the following expression:
We obtain:
The velocities can be added directly because they are in a line, so the velocities can be added directly. According to (32) and (39), the practical velocity of arc v is:
Calculation Results
Electric Field of the Arc Head
Based on the investigation of force analysis on the arc and its effect on arc velocity, the arc velocity was found to be dependent on the electric field of the arc head. In this paper, the developing velocity of the arc along the horizontal polluted surface is investigated. The study only needs the electric field strength of the arc head in the horizontal direction.
The effect of air on the polluted surface layer and insulation medium can be ignored with the development of the arc. Moreover, the electric field distribution in the polluted layer depends on the current distribution on the insulation surface. The arc can be considered as a current source, and a constant current field consists of the polluted layer and the current source. The current flows from the arc and receives compensation from the system power supply at the same time. The electric charge in the arc keeps a dynamic balance; hence, it can be considered as an electrostatic field.
Based on the fundamental equations of constant current field in conducting medium: where E and J are the electric field intensity and current density, respectively; φ is the electric potential, γ is the conductivity. φ 1 and φ 2 are the electrical potentials at each side of the interface, respectively; γ 1 and γ 2 are the conductivities at each side of the interface, respectively. n is the normal direction.
The generally accepted charge simulation method is employed to calculate the electric field of the arc head. The results were then used to calculate the arc velocity. For a rectangular flat plate, the constant current field in a polluted layer is similar to the two-dimensional space electric field. The two-dimensional electric field is a parallel plane field, and the axial length is infinite. The ground is treated as a zero potential energy surface, and the imaging method is employed to satisfy the grounding boundary condition of the polluted surface. The schematic diagram of the calculation is shown in Figure 4 .
The shunting effect of the polluted layer on both sides of the arc is ignored. Suppose that only the arc root is in contact with the pollution layer, and that the arc moves ahead against the insulation surface. The empirical formula of the arc radius and current is given by [29] :
In this study, the boundary condition U R is the surface potential of the arc root, and the field normal component at the pollution layer boundary of AB, BC, and CD all equal to zero, viz. E n = 0. A number of point charges inputted at the arc root and boundary to satisfy the following boundary condition:
where U and I are voltage and current, respectively, A and n are the arc constants relating to the cooling conditions, ambient media, and so on, for the polluted flashover A = 63, n = 0.76 [30] . The number of simulated charges selected from the concentric circle in the arc root is n1, and the same number of sites is taken at the arc root boundary. Meanwhile, the sum of the simulation charges taken at a certain distance outside of the boundary AB, BC, and CD is n 2 , and the same number of sites is taken at the boundary to satisfy the requirement that the field normal component equals to zero for each point. If n = n 1 + n 2 , the equations of potential coefficients and field coefficients based on the uniqueness theorem of the electrostatic field are as follows: where B and P represent the potential coefficient and field coefficient matrix, respectively. U is the potential matrix.
By combining Equations (43) to (44), the simulation charge quantity and sites can be obtained. Moreover, the field of the arbitrary point of the arc root surface and boundary lines can be calculated using the simulation charge. The calculated results and the known conditions are then compared, which indicated an error. If the error is within the allowable range, the calculation method can be used to determine the field and the potential of the arbitrary point in a passive field. If the error exceeds the acceptable range, the number and position of the simulation charge must be reselected until the requirement is met.
The tangential field can be calculated at the arbitrary position on the plate surface, that is, the vector sum of the tangential field of all the simulation charges at a certain point. The tangential field can be written as:
where E i is the tangential field at the arbitrary point, B ji is the field coefficient of simulation charge i at the point j, Q i is the quantity of simulation charge i, θ ji is the included angle between the field direction of the simulation charge i at the point j with the horizontal direction. The conductance (γ) of the pollution layer and the critical flashover voltage (U c ) correspond with the ESDD of 0.03, 0.05, 0.1 and 0.2 mg/cm 2 are given in Table 1 [31] . In this paper, the length and width of the rectangular plate are 5 and 20 cm, respectively. Each simulation charge is set along the boundary tangent at an interval of 0.39 cm outside the polluted layer boundary of 0.2 cm, and 36 simulation charges are set at half of the radius in the arc root. At the ground surface with zero potential energy as a plane of symmetry, and chose the same number of image charge to satisfy the requirement for the grounding condition. The field error of the checkpoint on the boundary is 0.054%, which satisfies the error requirement of less than 1%. By substituting the experimental data into Equations (44) and (47), the variations in the electric field of the arc head with the arc length can be obtained, as shown in Figure 5 . Figure 5 shows that the electric field of the arc head increases with increasing arc length, and decreases with increasing degree of pollution. The arc head field at a low degree of pollution is larger than that at a high one during the whole process. It ranges from the beginning of the arc to the end of the flashover. The electric field at the ESDD of 0.03 mg/cm 2 is three times larger than that of 0.2 mg/cm 2 at the same length of arc. For the high conductivity of the arc, most of the voltage is concentrated on both sides of the residual polluted layer. The electric field of the arc head is enhanced with increasing arc length. With the same arc length, the larger the conductivity of the polluted layer is, the lower the voltage is distributed on it. Therefore, the arc head field becomes much smaller. Meanwhile, the larger the conductivity of the polluted layer is, the larger the leakage current is. The dry band is formed easily near the electrode with a concentrated field, and so can the partial arc. 
The Arc Velocity
By substituting the result of the electric field of the arc head into Equation (40), the variation of the calculated velocity with the arc length is shown in Figure 6 . Clearly, the developing velocity increases with the increment of the arc length no matter how high the degree of pollution. However, the developing velocity is reduced with increasing degrees of pollution at the same arc length. At the beginning of the partial arc, the arc velocities of different pollution degrees have a few differences; all are less than ten meters per second. The biggest difference is the velocity of the critical flashover; when the pollution degree is 0.2 mg/cm 2 , the maximal speed is about less than 30 meters per second.
The maximal speed reaches up to 50 m/s with the pollution degree of 0.03 mg/cm 2 . Figure 6 . Variation of the calculated velocity with the arc length.
Test Specimens, Setups and Procedures
Test Specimens and Setups
To validate the calculation model based on the force analysis proposed in this paper, a pollution test of a flat insulator plate model measuring 20 cm × 20 cm × 1 cm was carried out. The circuit of the pollution test under DC voltage is shown in Figure 7 . Through this system, the value of the applied voltage and the leakage current could be measured. The position of the arc could be measured synchronously as well. Figure 7 . Test circuit. T-regulator, B-transformer, R1/R2-protective resistance, C-filtering capacitance, R3-resistance divider, R4-standard resistance.
The test power supply consisted of a regulator and a transformer. The main parameters of the regulator were the rated capacity of 100 kVA, the input voltage of 380 V, and the output voltage range of 0 V to 400 V. The main parameters of the transformer were a rated capacity of 200 kVA, a rated current of 1 A, an input voltage range of 0 V to 400 V, and an output voltage range of 0 kV to 200 kV. The DC power supply was generated by a silicon stack to rectify the AC voltage. At a leakage current of 1 A, the dynamic voltage was less than 5%, and the ripple coefficient of the voltage was less than 3% at the flashover time, which satisfies the requirement recommended by the IEC Tech. Rep. GB/T 22707 [32] and IEEE Standard-4-1995 [33] . The test power supply was introduced into the artificial pollution laboratory using a wall bushing. The high test voltage side was connected with the data acquisition system through a DC resistance divider with a voltage ratio of 1:10000. The data acquisition system was used to collect the data of the applied voltage and leakage current synchronously using an NI USB-6215 data acquisition card. The data acquisition card collects samples at a non-inductive resistance of 1 Ω between the grounding electrode and the ground. To avoid the over-current during the test, the protective resistances of R1 with 5 kΩ and the R2 with a bushing filled with distilled water conductance less than 5 μS·cm −1 , were used.
Test Procedures
Before the test, all specimens were carefully cleaned so that all traces of dirt and grease on the glass insulation surface were removed. The solid layer method was applied to the polluted layer on the specimens where sodium chloride and kaolin were the electric and inert materials, respectively [34] . Considering the common proportion of sodium chloride and kaolin in engineering is 1:6, four specimens with ESDD of 0.03, 0.05, 0.1, and 0.2 mg/cm 2 were prepared. To achieve precision and uniformity of pollution distribution on the insulation surface, the weight of the sodium chloride and kaolin was first calculated based on the area of the glass plate for every pollution grade. The sodium chloride and kaolin were weighed using a digital balance with a precision of 0.1 mg, and were placed on the glass insulation surface. Distilled water was dropped until the sodium chloride and kaolin dissolved completely. A filament was glided back and forth along the glass surface until a uniform pollution solution film was formed. Three groups of specimens for each pollution grade were prepared, and were then placed at a shady and cool place to dry naturally. Before the test, distilled water was sprinkled onto the polluted layer uniformly on the glass plate until the polluted layer dissolved completely. The DC voltage was then applied to the specimens and was increased with a constant rate of 1 kV/s until the flashover. Each group of specimen was tested ten times, and a five minute intervals was taken between the two adjacent tests. The high-voltage electrode used was a copper column with a height and diameter of 5 cm. The grounding electrode was a sheet copper with the same diameter.
The HG-100K high-speed camera was used to record the position and time by taking photos during the arc discharges. Based on the relationship between the development of partial arc and the corresponding time, the arc instantaneous velocity at time t 2 can be expressed as:
where v(t 2 ) is the instantaneous arc velocity, and l(t i ) is the length of the arc at time t i (i = 1 or 2). If the interval between t 1 and t 2 is short enough, v(t 2 ) can be treated as the instantaneous velocity at l(t 2 ).
Analysis and Discussion
A short polluted glass plate with an anode-cathode distance of 5 cm was used to validate the proposed model. A column electrode and a semicircle grounding electrode with a radius of 2.5 cm were employed. (a)
As shown in Figure 8 , the arc moves tightly along the surface of the insulation plate at low ESDD, the effect of thermal buoyancy is obvious with a high ESDD. We can determine arc position and the corresponding intervals from the photos at any time, and use Equation (48) to calculate arc velocity at any position. Similarly, we can determine the arc velocity with degrees of pollution of 0.03, 0.05, 0.1, and 0.2 mg/cm 2 .
Arc Velocity
The variations of the measured velocity with the arc length are shown in Figure 9 . Figure 9 shows that the maximal velocity of the arc is only about tens of meters per second, not hundreds or thousands of meters per second [10] . The experiment indicates that there is no obvious difference in arc velocity at the same ESDD for which electrode the arc was formed, high voltage electrode or grounding one, and the arc velocity has a fluctuation with the development of arc. Except at a low ESDD of 0.03 mg/cm 2 , all arc velocities increased fast and then slowed down, and increased with fluctuations.
With increasing arc length, the velocity increases again up to tens of meters per second at flashover time, which is consistent with the value calculated from the proposed model. The measured value is slightly different with the calculated value because the transition region at the arc head is not obvious. Consequently, an error in reading the arc length and the effect of thermal buoyancy occurs in the theoretical calculation. At a high ESDD, the difference between the calculated value and the measured value was large because more water was adsorbed to dissolve the salt completely. The more the salt and the water, the more charged particles were present in the arc; hence, the effect of thermal buoyancy is obvious, as shown in Figure 10 . Such effect is brought by the airflow hindering the arc from moving toward the arc head. Moreover, the current flows easily in the conducting film when the polluted layer resistivity is high, and the streamer weakens to form at the arc head. When the arc length is long, the large thermal buoyancy leads to a steady arc, which slows down the arc velocity before flashover. 
The Temperature Effect on the Arc Velocity
By comparing Figures 6 and 9 , the largest difference between the measured and the calculated value of arc velocity shows that the arc velocity displays an obvious fluctuation. The fluctuation occurs because the temperature of the arc plasma increases rapidly with the development of the arc, which changes the isobaric heat capacity of air around the arc and the heat exchange between them. Those changes may lead to the fluctuation of arc velocity in the discharge process.
The air isobaric heat capacity changes greatly with the temperature, and so does the arc plasma [35] . The isobaric heat capacity is stable and small at a temperature of 5000 K, which corresponds to the initial stage of arc development. Additionally, the leakage current, arc radius, and velocity are all small. With increasing temperature, the arc isobaric heat capacity, current, and velocity all increased rapidly. The isobaric heat capacity reaches a maximal value at 7500 K, which corresponds to the second stage of arc development. However, the isobaric heat capacity decreases rapidly to the minimum level with increasing temperature close to 10,000 K. The rapid decrement of isobaric heat capacity suddenly increases the loss of heat exchange and slows down the arc velocity. For the continuous power supply, the temperature consistently increased. Once the temperature exceeded 10,000 K, the isobaric heat capacity of the arc increased rapidly again, whereas the isobaric heat capacity of the ambient air did not increase at the same time. Therefore, the heat that cannot dissipate in time drives the arc to move quickly to the opposite electrode, and the flashover is formed.
Conclusions
This work focused on the arc velocity along the polluted insulation surface with an anode-cathode distance of 5 cm. The analysis of the calculation and experimental results are as follows:
(1) Based on the image method and the collision ionization theory, the electric field of the arc needed to keep moving with different degrees of pollution was calculated. (2) Considering the electric force stressed on the charged particle in the electric field and the effect of airflow and ambient air on the moving arc, the characteristics of arc velocity along the polluted insulation surface were investigated. 
